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ABSTRACT
There is often a delay between completion of a
genome sequence and its publication, mainly
because of the lengthy process of annotation. For
most researchers, the raw sequence alone does not
easily yield the rich information it contains. An
online tool (Virulence Searcher) has been
designed that enables scientists interested in
bacterial pathogenesis to search sequences from
unannotated bacterial genomes for putative genes
encoding virulence factors. This will facilitate an
immediate start on important research into bac-
terial disease without having to wait for the
annotated sequence to be published.
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The complete genome sequence of an organism
contains all the information necessary to define all
of the characteristics of that organism. However,
much of the sequence encodes phenotypes that
are shared between many species, such as genes
encoding housekeeping proteins involved in basic
cell metabolism, cell membrane biosynthesis and
nucleic acid metabolism. This information is
usually of little interest to the public health
microbiologist, who wishes to characterise the
pathogenic potential or selective traits of an
isolate. Of more relevance are the characteristics
that make an organism distinct from other species
or strains. In the case of pathogenic species, the
genes encoding virulence factors, antibiotic resist-
ance, antigenic determinants and other pheno-
types that make it a successful colonising
organism are of particular significance. Finding
these genes within the genome sequence is a
difficult task requiring expert knowledge of the
virulence factors expected. This Note describes a
bioinformatics tool that allows the location of
genes encoding virulence factors in genomes that
have not been annotated.
Initially, a web-based program is used to
predict the location of potential virulence factors
(http://www.hpa-bioinfotools.org.uk/pise/vir-
factfind_small.html). This program processes
whole genome sequences in three steps. First,
genes are predicted in the raw sequence using
Glimmer, an industry-standard gene-predicting
program from TIGR [1] that uses interpolated
Markov models to identify the coding regions and
distinguish them from non-coding DNA. This
requires the user to have selected some known
genes from the organism and saved them in a
single file in the popular FASTA or GenBank
formats. Second, the predicted genes are transla-
ted into protein sequences. This process uses the
standard genetic code to produce predicted
amino-acid sequences from the nucleic acid
sequence. Finally, these protein sequences are
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searched for motifs that are associated with
virulence factors. This step does not rely on
sequence homology, which can often be mislead-
ing [2], but instead uses a database of protein
motifs, compiled by the Jenner Institute (http://
www.jenner.ac.uk/BacBix3/PPprints.htm), which
matches virulence factors found in bacterial spe-
cies, including adherence, colonisation and inva-
sion factors, cell surface factors, exotoxins,
transporters and siderophores. These motifs are
a subset of the PRINTS database, and are searched
using a Unix-based tool, called FingerPRINTScan,
that makes ‘intelligent’ pattern matches based on
significance scores [3].
The output from the web page is a large text file
which lists the genes that have significant matches
within the virulence factor database. Although
this can be searched and analysed manually, a
graphical interface has been designed, based on
the cross-platform language JAVA. This applica-
tion displays the position of the potential viru-
lence factors, and clicking on the factors will
display information corresponding to the highest
matching virulence factor. The sequences of the
potential virulence factors can be saved to a file.
An additional means to confirm the potential
function of a predicted gene is achieved from
within the program. The protein sequence of a
selected putative virulence factor is used to search
the GenBank protein database for similar proteins
by homology, using the BLAST algorithm at the
NCBI web-site. The results are returned as scores
and alignments, allowing the user to make a
judgement as to whether the BLAST results
confirm those from the motif database search.
In order to test this application, the raw
sequence for the Staphylococcus aureus MW2
strain genome was processed using the proce-
dure described above. In total, 91 virulence
factors or proteins enhancing survival in the
host were found, including 29 toxins, 15 proteins
associated with resistance to antibiotics, 18
membrane-associated proteins, ranging from ad-
hesins and invasins to translocaters, seven pro-
teases, eight siderophores, three kinases and 12
miscellaneous virulence factors. In the supple-
mentary information to the report describing the
MW2 genome [4] (available at http://www.bio.
nite.go.jp/), 118 factors related putatively to
pathogenesis are listed. In a separate report,
87 virulence factors were found by searching the
annotated MW2 sequence for keywords relating
to virulence and pathogenesis [5]. Of these
virulence factors reported previously, the Viru-
lence Searcher program found 37 (31%), but was
particularly effective at identifying most of the
toxins and proteases thought to be involved in
staphylococcal disease. However, only a few of
the lipoproteins and adhesion-related proteins
were identified. The program identified 54 puta-
tive proteins that had not previously been
identified as virulence factors, including two
involved in lipopolysaccharide biosynthesis,
eight potential siderophores, six involved in
membrane transport related to pathogenesis,
and one that plays a part in quorum-sensing.
Most of the proteins not annotated previously as
virulence factors do have annotations describing
them as having the function relating to the
PRINTS motif identified by Virulence Searcher.
Some of these predictions may be incorrect, since
proteins may have a particular function that is
virulence-associated in some species, but may
have a non-virulence-associated cell function in
others. For example, the SecA protein is involved
in protein secretion in many bacteria, including
non-pathogens, but in some species (e.g., Listeria
monocytogenes and Mycobacterium tuberculosis),
a second SecA protein may be involved in the
secretion of virulence-associated proteins such as
superoxide dismutases [6,7]. A similar pattern
emerged when the annotations of other pathogen
genomes were compared with the results ob-
tained by Virulence Searcher. In Salmonella Typhi
and Yersinia pestis, 15% of the annotated viru-
lence factors were identified, but Virulence
Searcher predicted 120 and 146 additional fac-
tors, respectively, that contained motifs poten-
tially involved in virulence.
These results demonstrate that Virulence
Searcher is efficient at identifying quickly a large
number of the virulence factors within an unan-
notated genome. The number of these proteins
that are labelled as virulence factors once genome
annotation is completed varies, depending on the
organism. If the organism belongs to a well-
characterised group of bacteria, it is more likely
that conserved motifs relating to virulence will
have been identified and added to the PRINTS
database. The program will also identify proteins
that may not be labelled as virulence-associated
once the annotation is complete, and this empha-
sises the need to confirm the functions of putative
genes by means other than pure computational
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genomics. Many of the virulence factors that were
missed by the program would have been identi-
fied if the program had searched the InterPro
protein database, which combines many protein
databases, including PRINTS. However, the Inter-
Pro entries have not been categorised according to
their involvement in bacterial pathogenesis. Since
there are almost 12 000 entries to search manu-
ally, this will be a large task. However, this
functionality is planned for the next revision of
the program, and will improve further its ability
to identify a comprehensive set of putative viru-
lence factors.
Using this set of programs, potential virulence
factors can be identified rapidly and viewed
within complete bacterial genomes, even before
any annotation is available. It is relatively
straightforward to compare several genomes to
determine whether they contain the same com-
plement of virulence factors and maintain the
same synteny. Further information can be found
at http://www.hpa-bioinfotools.org.uk/help/
virfactfind_help.html.
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